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Abstract: According to the hydraulic calculation principles of the orifice outflow, the discharge 
capacity of the columnar reversing gate under the partial opening condition was calculated and 
checked. Using ANSYS, a large finite element analysis software, the discharge process was 
simulated. The distribution rule of the velocities in the gate chamber and downstream channel was 
obtained. An FEM model of the columnar reversing gate was built, and the natural vibration 
properties of the gate were analyzed. Based on the Westergaard added mass method, the added mass 
caused by the fluid-structure coupling motion was taken into account, and the effects of the coupling 
interaction were discussed. The results show that the size of the small gates meets the demand for 
discharge capacity, the current in the gate chamber is quite turbulent, the trunnion and arms are 
obviously impacted by flow, and the effects of water on vibration characteristics are remarkable. The 
study provides a reference for the design and calculation of gates of the same type.     
Key words: columnar reversing gate; hydraulic calculation; structural dynamic analysis; finite 
element analysis     
 
1 Introduction 
With the development of techniques, some large-scale gates have appeared in recent 
years. These gates not only satisfy the engineering requirements, but are also coordinated with 
the surrounding environment and satisfy people’s aesthetic demand. For example, the arc 
length of the gate of the Maeslant Dam in Holland is 210 m, and the length of the arms is 238 m 
(Dong and Liu 2008). The goggle-shaped gate adopted in the Sancha River of the Qinhuai 
River in Nanjing is a hemispherical three-hinged arch structure; its arc radius is 22 m, and the 
net width of the gate is 40 m (Wang and Yan 2010). It is believed that there will be more gates 
with large spans and novel designs in the future. The issue of flow-induced vibration of gates 
has been deeply discussed by Chinese scholars in recent years, including Yan and Zhao (2009). 
With the development of software for finite element analysis, the CFD (computation fluid 
dynamics) analysis of structures is more and more widely applied and has been accepted 
universally. For example, Ramos et al. (2009) carried out a CFD analysis of the flow in a 
water pipe system. Kim (2007) also carried out a CFD analysis of free flow past a sluice gate.  
This study examined a columnar reversing gate in Anhui Province, China. Because the 
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trunnion of the gate is in the middle of the gate chamber, the current in the gate chamber is 
quite turbulent. The gate will be forced to vibrate under the action of exerting forces. As a 
result, it is necessary to carry out a CFD analysis of the gate to obtain the distribution of the 
velocity in the gate chamber and downstream channel to guide the design and arrangement of 
the project. Furthermore, the columnar reversing gate can bear bidirectional water pressure, 
and the design was first applied to actual projects worldwide. It is necessary to carry out a 
modal analysis to guide the optimization design of the gate, keeping the natural vibration 
frequency of the gate away from the primary frequency area of the current pulse. In this way, 
the gate’s vibration will be reduced. The research objective of this study was to provide a 
theoretical basis for the design of gate by numerical analysis.  
2 Gate structure and main parameters  
The Tangxi River Pivotal Project is located in the suburb of Hefei City in Anhui Province, 
China. The river is 35 m in width. The upstream side of the gate is a wetland, and the 
downstream side is Chaohu Lake. In order to harmonize it with the surrounding landscape 
project, a columnar reversing gate was adopted. The structure of the gate is shown in Fig. 1. 
The gate is mainly used for maintaining the normal water level of the wetland and discharging 
the flood during the flood season. In order to reduce the frequency of opening and closing of 
the gate and reach the discharge capacity of 100 m3/s, 12 small gates were set at each side 
of the gate and every small gate can be opened for discharge control. The small gates are all 
1.5 m in width and 2.0 m in height. In order to keep the water level of the Tangxi River Wetland 
at 12.5 m, four overflow orifices were set at the upstream side of the gate to adjust the water 
level automatically. There are three main operating conditions: (1) both the gate and 12 small 
gates are closed for retaining water, (2) the gates are open completely for flood discharge, and 
(3) some of the 12 small gates are open. Fig. 1 shows the first condition. Under the first 
condition, if the small gates are open, the gate can discharge small or moderate flow. The gate 
can rotate ±90° to discharge the flood completely under the operation of four fixed winch-type 
hoists. The double arms adopted are symmetrical and supported in the center of the cylinder 
through super large-scale spherical joint bearings. The structure of the arms is triangular lattice 
steel frame. 
The floating-pontoon type body of the gate has three layers. The radius of the outside 
panel of the gate is 25.0 m. The radiuses of the inside panel of the top and bottom pontoons are 
20.0 m and 23.0 m, respectively. The elevations of the bottom and top of the gate are 5.0 m 
and 14.0 m, respectively. The outside and inside panels are connected by support plates laid 
inside the pontoon every 10°. Shaped steel is set on the panels to improve the strength and 
rigidity of the gate. The arm structures are made of hollow circular tubes and composed of 
main arms and supports. The trunnion is in the center of the channel. Overflow orifices are set 
at the upstream side of the gate to adjust the water level automatically. Small gates are set at 
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the retaining parts of the gate for discharging small or moderate flow. With the Pro-E software, 
a model of the gate shown in Fig. 2 is built. 
 
Fig. 1 Arrangement plan of structure and opening and closing ways of gate 
 
Fig. 2 Model of gate 
3 Calculation and check of discharge capacity 
3.1 Hydraulic calculation 
The design requires that the small gates discharge 100 m3/s of flow when the water levels 
of upstream and downstream are 12.5 m and 8.5 m, respectively. The sill of the gate is a 
broad-crest weir and the height of the sill is larger than zero. The influence of the pier on water 
flow was ignored during computation (Wu 2003).  
The water level difference between upstream and the gate chamber is larger than that 
between the gate chamber and downstream when the small gates are open for discharge. As a 
result, the inflow is greater than the outflow of the gate chamber per unit of time. With the rise 
of water level in the gate chamber, the water level difference between upstream and the gate 
chamber gets smaller and the water volume going downstream per unit of time increases. 
Finally, the inflow is equal to the outflow and the water depth remains almost stable. The 
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system comes to a balance. 
Based on the energy equation, the upstream water depth is calculated when the discharge 
through the gate reaches 100 m3/s. The elevation of the gate bottom is 5.0 m. The upstream 
water depth of the gate is 12.5 5.0 7.5H = − = m. The aperture of the gate is e = 2 m. The 
value of e/H is 0.266 7, less than 0.65 (Wu 2003), so we draw a conclusion that the discharge 
form is orifice outflow. The vena contracta coefficient of the gate is 2ε = 0.623. The 
contracted water depth is c 2 0.623 2.0 1.246 mh eε= = × = . The conjugate water depth ch′′  
can be calculated from the contracted water depth:  
2
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where g is the acceleration of gravity, and cv  is the velocity at the vena contracta, whose 
expression is 
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where Q is discharge, μ  is the free orifice flow coefficient of gate, b is the width of the hole, 
and 0H  is the water head of the strobe hole: 
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where 0α  is the kinetic energy correction factor, and 0v  is the flow velocity at upstream of 
the gate. The value of 0α  is equal to 1 when the flow is uniform, and ranges from 1.05 to 1.1 
when the flow is gradually varied. To simplify the problem, it is assumed that 0 1α =  and 
0 7.5 mH H= = , neglecting the effects of velocity. 
The value of the free orifice flow coefficient μ  is calculated by the empirical 
calculation formula provided by Wu (2003): 
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μ = − = − × =              (4) 
Substituting the values of 2ε , 0H , and μ  into Eq. (2), we obtain the value of velocity 
at the vena contracta, 10.76 m/s. Substituting the values of cv  and ch  into Eq. (1), we obtain 
the value of the conjugate water depth ch′′ , 4.84 m. 
The practical water depth at the vena contracta rises when the strobe hole is submerged. 
The discharge will be less than that during free outflow. 
The calculation formula of practical orifice outflow is  
s 02Q be gHσ μ=                             (5) 
where sσ  is the submergence coefficient, which has a relationship with the value of the 
undercurrent ratio ( ) ( )t c ch h H h′′ ′′− − , where th  is the downstream water depth. Substituting 
the values of Q, b, e, 0H , and μ  into Eq. (5), we obtain the value of sσ , 0.414. According 
to the diagram of the submergence coefficient and the undercurrent ratio provided by Nanjing 
Hydraulic Research Institute, the value of the undercurrent ratio is 0.725. According to the 
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calculation formula of ( ) ( )t c ch h H h′′ ′′− − , the downstream water depth is 6.77 m. As a result, 
the water level in the gate chamber is 6.77 5.0 11.77+ = m. It can be found that the flow 
entering the gate chamber can reach 100 m3/s when the water level in the gate chamber 
reaches 11.77 m. 
Through the same calculation as above, we draw a conclusion that the flow downstream 
from the gate chamber can reach 100 m3/s when the water level in the gate chamber reaches 
9.0 m. As a result, the design meets the requirement of discharging flow of 100 m3/s. 
The discharge capacity cannot be calculated through the dimensional analysis method 
during the early stage of design. Although the accuracy obtained through the method based on 
the energy equation, with an error within ±20%, is worse than that of the dimensional analysis 
method and exceeds the 5% limit for actual projects, there is enough safety margin between 
the calculated water level and the water level of 12.5 m. Therefore, it is feasible to provide a 
theoretical reference for the design of small gates with this method during the early stage of 
design. Considering the unique structure of the gate, it is necessary to conduct hydraulic model 
tests to check the discharge capacity of the small gates (Mu et al. 2009). 
3.2 Computational fluid dynamics analysis 
The actual progress of inflow and outflow of the gate chamber is three-dimensional. An 
idealized and simplified two-dimensional numerical simulation of water flow near the gate 
bottom rim during the opening process was carried out when the upstream water level and 
downstream water level were 12.5 m and 8.5 m, 
respectively. The distribution rule of velocity was 
obtained when it was assumed that the fluid was 
incompressible Newtonian fluid, the water 
temperature was 20ć, the density of the fluid was 
998 kg/m3, and the absolute viscosity was 0.001 Pa·s 
(Sewatkar et al. 2009).  
The finite element computational grid of the 
gate chamber is shown in Fig. 3. The y direction 
points upstream, and the x direction is 
perpendicular to the direction of flow. 
As the gate chamber is simplified, transforming 
it into a symmetrical two-dimensional model, and the fluid is incompressible, the mass 
equation is  
0i
i
u
x
∂
=
∂
                                (6) 
The momentum equation is (Chen et al. 2009) 
 
Fig. 3 Finite element computational grid of  
gate chamber 
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where iu  is the average velocity in the i direction, t is time, ju  is the average velocity in the 
j direction, iu′  is the pulse velocity component in the i direction, ju′  is the pulse velocity 
component in the j direction, ρ  is the liquid density; p is the average pressure, and γ  is the 
kinematic viscosity. The i direction and j direction are the y direction and x direction shown in 
Fig. 3, respectively. 
The boundary conditions are as follows: the velocity in the y direction at the upstream 
entrance is 10.76 m/s; the velocity in the horizontal direction is ignored; the pressure at the 
downstream exit is 0 Pa, and the velocity at the other boundary lines is 0 m/s. The velocity 
profile and pressure distribution in the gate chamber are shown in Fig. 4. 
 
Fig. 4 Velocity profile of flow field and pressure distribution in gate chamber  
Fig. 4(a) shows that the mainstream flow is in the center of the gate chamber. The current 
in the gate chamber is quite turbulent, and there are backflow regions around the side area. 
Due to the effect of the pier, there are also backflow regions behind the pier. The impact of the 
water current on the pier is obvious. The velocity at the exit is mainly in the range of 6 to 9 m/s. 
Fig. 4(b) shows that the pressure in the center of the gate chamber is greater and more uniform 
than that in other regions. The impact of the 
current on the trunnion is obvious. The value 
of the pressure in the upward side of the 
trunnion, about 35 000 Pa, is larger than that 
on the downward side.  
The hydraulic model test was 
conducted in Nanjing Hydraulic Research 
Institute. Fig. 5 shows the distribution of the 
flow field in the gate chamber under the 
condition that some of the 12 small gates are 
open when the upstream water level and 
 
Fig. 5 Flow field in gate chamber of hydraulic model 
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downstream water level are 12.5 m and 8.5 m, respectively.  
A numerical simulation model of the downstream channel was also established and 
analyzed. A 150 m-length river was chosen for the simulation. The calculation result is similar 
when the channel length increases, which shows that the length is reasonable. Assuming that 
the downstream water level is 8.5 m, the 
gate can discharge a flow at 100 m3/s when 
the water level in the gate chamber reaches 
9.0 m. The velocity at the cross-section of 
the downstream orifice is 7.1 m/s. The 
velocity profile of the downstream flow field 
is shown in Fig. 6. 
Fig. 6 shows that the mainstream flow 
is in the center of the downstream channel. 
The cross-sectional velocity is low on both 
sides and large in the middle. The backflow 
region, about 20 m long, begins to form about 10 m downstream of the gate. The velocity is 
mainly in the range of 2 to 3 m/s when the flow is stable. 
4 Modal analysis 
4.1 Numerical model 
The gate is a lightly damped system and the damping is difficult to identify. As a 
result, the damping action was ignored in the study of natural vibration properties of the 
gate. The simplified free vibration equation of the gate is (Lan et al. 2009; Luo et al. 2008; 
Ren et al. 2009) 
( )0 f 0+ 0+ =
..
M M x K x                          (8) 
where 0M , fM , and 0K  are the mass matrix, added mass matrix and rigidity matrix of 
the gate, respectively; and 
..
x
 
and x  are the acceleration array and displacement array of 
nodes, respectively. 
4.2 Calculation model and constraint condition 
With the finite element analysis software ANSYS, a finite element model of the gate 
shown in Fig. 7 was built with the Shell63, Beam188 and Solid45 elements. There are 94 615 
elements and 119 645 nodes in the finite element model.  
The constraint condition under different operating conditions is that the translation of the 
inside base plate is constrained in the vertical direction every 1°. All translation and rotation 
degrees of the trunnion are constrained. 
 
 
Fig. 6 Velocity profile of downstream flow field 
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Fig. 7 Finite element computational grid 
4.3 Westergaard added mass method 
Assuming that the flow is incompressible, the dynamic action of flow is equivalent to 
adding an added mass matrix to the mass matrix of the gate. With the Westergaard added mass 
formula, the gate is discretized into finite elements. The hydrodynamic pressure of node i, iP , 
is calculated by 
( ).. nii iP a x t=                                 (9) 
( )7
8
i i i ia H H Zρ= −                            (10) 
where ia  is the additional mass of node i, ( ).. nix t  is the normal acceleration of node i, iH  
is the water depth of the vertical surface that contains node i, and iZ  is the height between 
the gate base and node i.  
By means of the “auxiliary area” (Lan et al. 2009), the node pressure is translated into 
node force. The hydrodynamic pressure on the auxiliary area is a constant and equal to iP , 
and the computational formula of the equivalent normal node force is  
ni i iR P A= −                                 (11) 
where niR  is the equivalent normal node force of node i, and iA  is the auxiliary area 
relevant to node i.  
The vector of three node forces of node i is ( )T, ,i x y z iR R R=R , where xR , yR , and zR  
are the node forces in the x, y, and z directions, respectively. The relationships between iR  
and niR , and between ( )i t..x  and .. nix  are 
T
ni i iR=R λ                                (12) 
( ) .. ni ii t x=λ
..
x                              (13) 
where iλ  is the cosine vector of node i that is located in the normal direction of the retaining 
parts. Eq. (9) and Eq. (11) are substituted into Eq. (12) and Eq. (13) to make Eq. (14): 
( ) ( )T ai ii i i i i ia A t t= − = −.. ..R x M xλ λ                 (14) 
where aiM  is the added mass of node i. In this study, the added mass applied on arms was 
simulated by the Mass21 element.  
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4.4 Results and discussion 
First, the natural vibration frequency of the gate was calculated. Second, in order to study 
the effects of water on the vibration characteristics of arms, the added mass model of the arms 
was established and calculated using the Westergaard added mass method. The higher 
vibration mode is mainly the vibration of the local structure of the gate, and the frequency is 
not in the main frequency region of the pulse. As a result, it will not threaten the global safety 
of the gate. The lower vibration modes reveal the whole vibration form of the gate, and the 
lower frequencies approach the main frequency region of the flow. It can be easily activated 
(Wang et al. 2008). As a result, we mainly studied the first ten orders of the natural vibration 
frequency of the gate. The calculation results are shown in tables 1 through 3.  
Table 1 Natural vibration frequency of different components under condition without water 
Natural vibration frequency (Hz) 
Order 
M1+M2+M3 M2+M3 M3 M1 M2 
1 0.741  6.170   7.105 0 101.91 
2 3.301  6.467  7.131 0 104.20 
3 5.381  7.171  8.433 0.002 104.35 
4 5.675  7.495  8.737 4.593 104.60 
5 5.828  7.699  9.645 4.659 113.99 
6 5.904  8.108  9.649 6.026 114.11 
7 6.205  9.387 10.599 6.387 116.85 
8 6.432  9.524 10.603 9.363 119.20 
9 6.554 12.211 14.541 9.418 121.83 
10 6.602 13.096 14.795 9.620 121.96 
Note: M1 denotes gate chamber, M2 denotes trunnion, and M3 denotes arms. 
Table 2 Natural vibration frequency of arms under conditions with different water level 
Natural vibration frequency (Hz) 
Order 
L = 8.0 m L = 10.5 m L = 11.5 m L = 12.5 m L = 13.0 m 
1  6.832  6.646  6.550  6.485  6.434 
2  6.863  6.678  6.581  6.517  6.466 
3  8.059  7.731  7.552  7.446  7.351 
4  8.131  7.801  7.623  7.516  7.422 
5  9.210  8.825  8.629  8.506  8.405 
6  9.318  8.928  8.730  8.605  8.502 
7 10.171  9.799  9.600  9.478  9.374 
8 10.263  9.886  9.684  9.560  9.455 
9 14.308 13.901 13.668 13.520 13.397 
10 14.327 13.918 13.687 13.538 13.416 
Note: L is the water level. 
 
 
 You-an HU et al. Water Science and Engineering, Sep. 2011, Vol. 4, No. 3, 294-304 303 
Table 3 Reduction proportion of natural vibration frequency of arms under conditions with          
different water levels  
Reduction proportion (%) 
Order 
L = 8.0 m L = 10.5 m L = 11.5 m L = 12.5 m L = 13.0 m 
1 3.85  6.47  7.83  8.73  9.46 
2 3.77  6.36  7.71  8.61  9.33 
3 4.44  8.33 10.45 11.71 12.83 
4 6.93 10.71 12.75 13.98 15.05 
5 4.51  8.50 10.53 11.81 12.85 
6 3.43  7.47  9.53 10.83 11.89 
7 4.04  7.55  9.43 10.58 11.55 
8 3.21  6.77  8.67  9.84 10.83 
9 1.60  4.40  6.00  7.02  7.87 
10 3.16  5.93  7.49  8.50  9.32 
It can be seen from tables 1, 2, and 3 that the natural vibration frequency of the chamber 
and the whole structure is low, close to the main frequency region of the pulse flow. However, 
owing to the great mass of the structure, the possibility of generating harmful vibrations is 
small. The gate is affected by interaction between the fluid and structure. Compared with the 
condition without the fluid action, the natural vibration frequency of arms decreases by 
15.05% at most. The influence of the added mass on natural vibration properties is remarkable, 
and the higher the water level, the more evidently the natural vibration frequency decreases. 
5 Conclusions 
(1) The calculation of discharge capacity of small gates based on the energy equation 
method has some referential value at the early stage of design. Eventhough, hydraulic model 
tests should still be conducted. The design and application of small gates have great practical 
value to reducing the frequency of opening and closing of the gate. The safety performance of 
the gate will be obviously improved. 
(2) The current in the gate chamber is quite turbulent. Backflow regions are found behind 
the trunnion, in the area around the gate chamber, and in the downstream channel. The impulse 
of water current on the trunnion is obvious. The simulation analysis with the software has the 
advantage of low cost and high efficiency, and has some referential value for the early design 
of the gate. However, owing to the simplicity and idealization of actual complex problems, 
there will be certain errors in the calculation result. Therefore, a model test is required. 
(3) Due to the effects of water flow, the natural vibration frequency of arms decreases 
with the rise of the water level. The influence of interactions between the fluid and structure 
cannot be neglected. The component of the gate that vibrates the easiest may be the arms. 
While the model test shows that the first ten-order vibration frequencies of the arms are within 
the range of 6 Hz to 15 Hz, and the dominant frequency of the fluctuating pressure is less than 
4 Hz. Therefore, the resonance of arms is less likely to occur. The natural vibration frequency 
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of the gate can also be increased through the optimization of arm size in engineering practice. 
Hydraulic model tests should be conducted to investigate whether the gate vibrates or not 
during operation. 
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